The types and three-dimensional distribution of neocortical ectopias following prenatal exposure to X-irradiation were studied by a histological examination and computer reconstruction techniques. Pregnant ICR mice were subjected to X-irradiation at a dose of 1.5 Gy on embryonic day 13. The brains from 30-day-old mice were serially sectioned on the frontal plane at 15 µ m, stained with HE and observed with a microscope. The image data for the sections were input to a computer, and then reconstructed to three-dimensional brain structures using the Magellan 3.6 program. Sectional images were then drawn on a computer display at 240 µ m intervals, and the positions of the different types of neocortical ectopias were marked using color coding. Three types of neocortical ectopias were recognized in the irradiated brains. Neocortical Lay I ectopias were identified as small patches in the caudal occipital cortex, and were located more laterally in the neocortex in caudal sections than in the rostral sections. Periventricular ectopias were located more rostrally than Lay I ectopias, and were found from the most caudal extent of the presumed motor cortex to the most caudal extent of the lateral ventricle. Hippocampal ectopias appeared as continuous linear bands, and were frequently associated with the anterior parts of the periventricular ectopias.
INTRODUCTION
The developing mammalian brain is one of the fetal structures most susceptible to ionizing radiation 1, 2) , because of its long-lasting sensitive period, which extends from the beginning of embryonic organogenesis to the postnatal infantile period. Kameyama et al. examined the thickness and cell packing density of the dorsal neocortices of 12-week-old mice irradiated with 0.5 or 1.0 Gy on one day from day 10 to 17 of gestation, which corresponded to the *Corresponding author: Phone; +81-43-206-3159, Fax; +81-43-251-4853, E-mail; sun_s@nirs.go.jp developmental stage of the brain mantle from just before cortical neuron production to the later stage of cortical plate formation. It was found that the period of highest sensitivity for a reduction of postnatal brain size, and for increased cell death in an embryonic brain, is embryonic day 13 (E13) in mice [3] [4] [5] [6] [7] . Based on this premise, we examined the pattern of brain malformations in adult mice prenatally exposed to 1.5 Gy on E13, and found that abnormally positioned neurons (neuronal ectopia) appear in different areas of the irradiated brain [8] [9] [10] .
Some of these neuronal ectopias were located around the lateral ventricles or within the cerebral cortex, and some were confined to fields of the hippocampus. It is not clear from previous studies how many types of neuronal ectopia there are, or what the distribution pattern is for each type of neuronal ectopia. Therefore, the present study focused on determining the characteristic patterns of the neuronal ectopia distribution, classifying types of neuronal ectopias and reconstructing the three-dimensional distribution of these neuronal ectopias in mouse brains exposed to X-irradiation in the radiosensitive stage (E13).
MATERIALS AND METHODS

Animals
The animals used were commercially supplied SLc:ICR mice (Hamamatsu, Shizuoka, Japan). They were kept in an air-conditioned room (23 ± 2 ° C) with a relative humidity of 55 ± 5% under an alternating 12 h light/dark schedule (7:00 A.M.-7:00 P.M.). Food and water were provided ad libitum. Females 8 weeks of age were placed in cages with potent males. Pregnancies were dated as E0 when copulation plugs were found following overnight mating. Mice with positive plugs were housed in individual cages.
All of the animal experiments were carried out with permission and under regulation of the Institutional Committee for Animal Safety and Welfare of the National Institute of Radiological Sciences, and in accordance with Regulations on Appropriate Animal Breeding and Treatment, Ministry Office of Japan.
All efforts were made to minimize the number of animals used and their suffering.
X-irradiation
Pregnant females were exposed to a single whole-body X-ray irradiation at a dose of 1.5 Gy on E13. The physical factors of the X-rays used were 200 kVp, 15 mA, 0.5 mm Cu + 0.5 mm Al filter, 90 cm distance, and 0.45 Gy/minute exposure rate. Control pregnant mice were treated in the same manner, except for the X-irradiation.
Histological treatments and examinations
To obtain samples from pups, the embryos were allowed to develop, be delivered, and then fed postnatally by their mothers. At 30 days of age, six offsprings randomly selected from three dams in either the irradiated or control groups were deeply anethetized with ether, and perfused with Zamboniís fixitive solution (4% formaldehyde and 0.2% picric acid in 0.1 M phosphate buffer, pH 7.3) with a rotary pump via the left cardiac ventricle. Following perfusion, the brain was removed and immersed in freshly made Zamboniís fixitive solution for 1 week. Tissue samples were embedded in paraffin and sectioned coronally at 15 µ m with a microtome. Particular attention was given to the dissection and orientation of the tissue blocks in this study. The tissue blocks through the full thickness of the cerebral cortex were dissected as nearly as possible perpendicular to the longitudinal axis of the cerebral hemisphere. For each brain, every fourth section was kept from the serial sections, and then stained with hematoxylin and eosin.
Three dimensional reconstructions
The image data for the sections from six mice prenatally exposed to X-irradiation were input to a computer. Three-dimensional reconstructions were made using the Magellan 3.6 program 11) . Sections at 240 µ m intervals were drawn, aligned with a reference to the midline and the positions of different types of ectopias (see below) and entered using color coding.
RESULTS
Compared with the cortex in control animals, mice exposed to 1.5 Gy in utero showed an atrophic cerebral cortex with a partially preserved lamination. The brain size of the exposed mice was smaller, and the thickness of the cerebral cortex was reduced. Although it was possible to classify the lamination on the cortex basically in the irradiated brain, the cell density was lower and the cell arrangement was disordered. One of the marked abnormal cortical architectures identified was neuronal aggregation that formed ectopic masses in different regions of the cortex (Fig. 1) . According to the position of the abnormal neuron masses in the irradiated brain, we classified these neuronal ectopias into three types: periventricular ectopia, hippocampal (Cornu Ammonis, CA) ectopia and neocortical Layer I ectopia. Periventricular ectopias were observed around the superomedial parts of the lateral ventricles and penetrated between the medial neocortex and Ammonís horn of the hippocampal formation (Fig. 2) . Hippocampal (CA) ectopias consisted of displaced pyramidal neurons, and were confined to the dorsal and rostral parts of the CA1 field of Ammonís horn. These neurons extended into the adjacent stratum oriens (Fig. 3) and stratum radiatum, and were often associated with the periventricular ectopia (Fig. 4) . Neocortical Layer I ectopia consisted of small neurons displaced into the normally neuron-free Layer I of the cortex (Fig. 4) . Although these ectopias were usually continuous with the subjacent layers, they occasionally they adopted a subpial position, and were separated from lower layers by a neuron-free zone. In the latter case, an examina- tion of adjacent sections indicated that these ectopic cell masses were continuous with subjacent layers further rostrally or caudally. Although periventricular ectopia and hippocampal (CA) ectopia have been previously described based on other animal experiments [12] [13] [14] [15] , neocotical Layer I is a type that has been reported less.
Since ectopias were largely confined to the cau- dal cortex, all reconstructions of the three-dimensional distribution of the three neuronal ectopias described above illustrated that they extend from the level of the optic chiasm to the most caudal extent of the cerebral cortex. Figure 5 shows three-dimensional computer reconstructions of the distribution of different ectopias in the postero-superior and lateral views. Periventricular ectopia was the largest ectopic type and showed a pronounced caudorostral temporospatial gradient. It was located more rostrally and not as far caudally, found from the middle of the putative dorsal motor cortex to the most rostral extent of the lateral ventricle. Hippocampal ectopia appeared as almost continuous linear bands. The most rostral extent of the hippocampal ectopia was 0.4 mm caudal to the optic chiasm and the most caudal extent was at the level of the medial geniculate nucleus. They were frequently associated with the posterior parts of the periventricular ectopia, but occasionally extended up to 0.9 mm further rostrally. Layer I ectopias were mostly confined to small patches in the caudal occipital cortex and were located dorsally or laterally in caudal sections. These Layer I ectopias could be divided into two groups. The first group consisted of symmetrical ectopic clusters on the dorsal surface of the neocortex, while the second group consisted of approximate symmetrical ectopic clusters in the parietal cortex adjacent to the rhinal fissure.
DISCUSSION
Three types of neuronal ectopias and the characteristic patterns of the distribution of the neuronal ectopia for each type were recognized in the brains of mice exposed to X-irradiation during the radiosensitive stage (E13) in the present study. They showed that, at least in the cases of the distribution of the preiventricular and the Layer I ectopias, there were clear caudorostral and mediolateral temporospatial gradients. Such temporospatial gradients found in the present experiment parallel the reported cytogenetic gradients, as observed in 3 H-thymidine studies. Angevine and Sidman 16) reported a caudorostral gradient of neurogenesis in the mouse neocortex, while Hicks and DíAmato 17) reported a mediolateral neurogenetic gradient in rat neocortex. In the latter study, neurons originating on E15 were found in Layer VI of the dorsal neocortex, in Layer V and Layer VI of the dorsolateral neocortex and Layer II and III of the neocortex near the rhinal fissure. This developmental stage in rats of E15 corresponds closely to E13 in mice 18, 19) . Periventricular ectopias are generally believed to result from a disruption of the radial glial scaffolding 9, 20) , which has been shown to provide a pathway for migrating neurons from the ventricular zone to the cortical plate during late fetal development 21, 22) . When migratory pathways (radial glial fibers) were destroyed, some of the migrating neurons could not move far from their place of origin around the cerebral ventricle to form the periventricular ectopia. The temporospatial gradient in the periventricular ectopia distribution observed in the present study could then be explained based on the differential sensitivity of the radial glial cell precursors in a given region of the neuroepithelium, since irradiation could only destroy the radial glial cell precursors, which were susceptible at the time of exposure to radiation 20, 23) . Therefore, E13 in mice may correspond to the developmental stage of the brain when the radial glial precursors in the rostromedial pallium were developing. While the weak relationship between the gestational stage of exposure to X-irradiation and the distribution of the hippocampal (Cornu Ammonis) ectopia stands in stark contrast to the gradients discussed above, previous studies 24, 25) have shown a clear "rhinal-to-dentate" gradient in the birthdates of neurons of the Cornu Ammonis region, which does not appear to be reflected in the findings of the present study. Indeed, the only gradient observed in the present study was a caudorostral one, at right angles to the published neurogenetic gradient. Singh 26) and Zhang 27) have reported possible mechanisms of the hippocampal ectopia induced by a prenatal treatment with methylazoxymethanol (MAM) in rats. The pyramidal cells in Ammon's horn of MAM rats are situ-ated in the stratum pyramidale at birth, and subsequently migrate to form the hippocampal ectopia during postnatal life. These studies suggested that although the hippocampal ectopias were formed by abnormal migratory patterns, they may not be due to radial glial abnormalities, since migration along hippocampal radial glia should occur prenatally. If the formation of the hippocampal ectopia induced by irradiation followed the same pattern of neurogenesis as those hippocampal ectopias of the brain in the MAM rat, then the caudorostral gradient of the hippocampal ectopia observed in the present study must have been involved in another unknown mechanism that requires study. The mechanism related to the Layer I ectopia is not clear. One possibility is that Layer I ectopia might result from interference with the detachment of migrating neurons from distal radial glial fibers, with consequent continued migration into the marginal zone (future Layer I); another possibility is depletion of the transient Cajal-Retzius cell population of the marginal zone, which were formed on E13-E15 of the rat 28) , and which may normally prevent the migration of other neurons into that region [29] [30] [31] . These possibilities remain to be tested. Nodular neuronal ectopias are well-recognized features of many prenatal brain damage syndromes in experimental animals as well as in humans. In experimental animals, prenatal exposure to cytotoxic drugs, such as MAM 26, 32) and ethylnitrosurea 33, 34) , or irradiation 9, 10) is known to induce the neuronal ectopias located in lateral ventricles and/or in the hippocampus. Neuronal ectopias around the ventricles and within the cerebral cortex have also been identified in humans with trisomy 18 35) and follow prenatal exposure to methyl mercury, hypoxia, alcohol, and ionizing radiation [36] [37] [38] [39] [40] . In this study, we have found that there are distinct temporospatial gradients of neuronal ectopias and that the ectopic neuron distribution is the same as previously identified neurogenetic gradients. If such characteristic patterns of the ectopic neuron distribution could be identified in prenatally damaged human brains, they could provide important diagnostic clues concerning the timing of prenatal cytotoxic or irradiated damage.
